Streptomycin (SM) and dihydrostreptomycin (DSM) bring about the permanent loss of plastids and plastid deoxyribonucleic acid (DNA) in dividing cells of Euglena gracilis var. bacillaris and block the development of the chloroplast from the proplastid in nondividing cells, but have no effect on cell division or viability (6a, 17-20, 29, 35, 38). In bacteria, SM binds to the 30S subunit of the 70S bacterial ribosome, inhibiting protein synthesis (10, 11, 21, 25, 33, 34, 39, 43) . The mutation to SM resistance (SMr) results in the alteration of a single ribosomal protein, and ribosomes isolated from SMr bacteria are unable to bind the antibiotic (10, 11, 25, 33, 34, 39, 44 
resistant mutant Sm,rBNgL and cytoplasmic ribosomes from wild-type have a much lower affinity for the antibiotic. The KdLS. for the chloroplast ribosomedihydrostreptomycin complex of Sm,r is 387 x 10-7 M, and the value for the cytoplasmic ribosome-dihydrostreptomycin complex of the wild type is 1,400 x 10-7 M. Streptomycin competes with dihydrostreptomycin for the chloroplast ribosome binding site, and preincubation of streptomycin with hydroxylamine prevents the binding of streptomycin to the chloroplast ribosome. These results indicate that the inhibition of chloroplast development and replication in Euglena by streptomycin and dihydrostreptomycin is related to the specific inhibition of protein synthesis on the chloroplast ribosomes of Euglena.
Streptomycin (SM) and dihydrostreptomycin (DSM) bring about the permanent loss of plastids and plastid deoxyribonucleic acid (DNA) in dividing cells of Euglena gracilis var. bacillaris and block the development of the chloroplast from the proplastid in nondividing cells, but have no effect on cell division or viability (6a, 17-20, 29, 35, 38) . In bacteria, SM binds to the 30S subunit of the 70S bacterial ribosome, inhibiting protein synthesis (10, 11, 21, 25, 33, 34, 39, 43) . The mutation to SM resistance (SMr) results in the alteration of a single ribosomal protein, and ribosomes isolated from SMr bacteria are unable to bind the antibiotic (10, 11, 25, 33, 34, 39, 44) . Since, like bacteria, Euglena chloroplasts contain 70S-type ribosomes (2 and references cited therein; 40) , it is reasonable to think that the effects of SM are like those in Escherichia coli and are related to a specific binding of SM by the chloroplast ribosomes, resulting in a selective inhibition of plastid protein synthesis. Our results show that Euglena chloroplast ribosomes selectively bind SM and DSM in a manner similar to bacterial ribosomes, whereas plastid ribosomes isolated from SMr Euglena are unable to bind the antibiotic.
These results suggest that the selective inhi- (24) in which the vitamin B12 concentration was lowered to 0.07 ,g per liter. Cultures were bubbled with air.
Isolation of ribosomes. All procedures were carried out at 0 to 4 C unless otherwise noted. Chloroplast ribosomes were isolated as described previously by using 0.1% sodium deoxycholate (40) . Cytoplasmic VOL. 120, 1974 EUGLENA CHLOROPLAST AND CYTOPLASMIC RIBOSOMES harvested cells were washed with buffer I: 27% (wt/wt) sucrose prepared in tris(hydroxymethyl)-aminomethane (Tris)-hydrochloride (pH 7.6), 100 mM; KCI, 30 mM; magnesium acetate, 2 mM; ,Bmercaptoethanol, 14 mM. The washed cells were resuspended in buffer I (1 ml per g of cells) and passed through a French press at 1,500 lb/in'. The suspension was immediately diluted with buffer I (1 ml per g of cells) and centrifuged for 5 min at 3,000 x g. The pellet was discarded and the supernatant was recentrifuged at 15,000 x g for 15 min. The 15,000 x g supernatant was layered over a 3-ml cushion of buffer II (40% [wt/wt] sucrose prepared in Tris-hydrochloride [pH 7.6], 50 mM; KCI, 30 mM; magnesium acetate, 2 mM; ,-mercaptoethanol, 14 mM), and the ribosomes were recovered by pelleting overnight at 2 C in the Beckman SW 27.1 rotor at 25,000 rpm.
Ribosomal pellets were resuspended in buffer mI (Tris-hydrochloride [pH 7.6], 50 mM; KCl, 60 mM; magnesium acetate, 12 mM; spermidine trihydrochoride, 0.5 mM; ,B-mercaptoethanol, 14 mM) and assayed directly for their ability to bind [3HJDSM, or they were layered onto linear 5 to 20% (wt/wt) sucrose gradients prepared in buffer III and centrifuged for 5 h at 25,000 rpm in the Beckman SW 27.1 rotor at 2 C. The gradients were fractionated as described previously (40), 0.3-ml fractions were collected on ice, and [3H]DSM binding was determined.
[3H]DSM binding assay. The binding of DSM to Euglena ribosomes was determined by the nitrocellulose filter assay (32) The binding of erythromycin (31), spectinomycin (8) , and DSM (6) to the chloroplast ribosomes of Chlamydomonas has also been studied. The ability of the chloroplast ribosomes to bind erythromycin was lost when Triton X-100 was used during any step of the ribosome isolation procedure (31) . Triton treatment had no effect on the binding of dihydrospectinomycin or DSM to Chlamydomonas chloroplast ribosomes (6, 8) . In the present study we found that there was no qualitative difference in the binding of ('H]DSM to Euglena chloroplast ribosomes isolated by using 0.01% deoxycholate, 0.1% deoxycholate, or 1% Triton X-100. The effect of detergent treatment on the ability to bind erythromycin may reflect a differential action of detergent on the two ribosomal subunits. Throughout this work, we used 0.1% deoxycholate for the isolation of chloroplast ribosomes.
In bacteria, SM and DSM sensitivity in vivo and in vitro has been correlated with the ability of the isolated ribosome to bind the antibiotic. Ribosomes isolated from SMr bacteria do not bind these antibiotics (10, 11, 25, 33, 34, 44) , and SM or DSM does not inhibit poly(U)-directed phenylalanine incorporation by SMr ribosomes (15, 16, 22, 33, 41, 44) . When chloroplast ribosomes were isolated from the SM' Euglena mutant Sm rBNgL, analyzed on a linear sucrose gradient, and assayed for the ability to bind [8HJDSM, there was no appreciable binding to any of the isolated ribosomal particles (Fig. 1, right) . Under identical conditions, 68S chloroplast ribosomes isolated from SM cells were capable of binding the antibiotic (Fig. 1, left) In SMO E. coli, the SM-dependent inhibition of poly(U)-directed phenylalanine incorporation (21) , as well as the formation of-the DSM-ribosome complex (10, 11, 25, 39) (Fig. 3, top) . One site had a high affinity for the antibiotic with a KdsOS of 2 x 10-7 M and corresponds to the binding site that is saturated at low antibiotic concentrations (Fig. 2) . Chloroplast ribosomes isolated from SMr cells (Fig. 3, middle) and cytoplasmic ribosomes (Fig. 3, bottom) did not contain this binding site, indicating that in Euglena, as in E. coli (10, 39) , the presence of a high-affinity binding site with a Kd,,, of approximately 10-7 M attributable to chloroplast ribosomes is associated with the SM5 phenotype. The integrity of this binding site in E. coli is dependent upon the proper spatial organization of a number of ribosomal proteins (9, 39 (Fig. 3, middle) . Binding at this site is responsible for the similarity of the concentration dependence of [3H]DSM binding to SM8 and SMr chloroplast ribosomes seen at high antibiotic concentrations (Fig. 2) . This binding is probably the same as that associated with the aggregative type of SM binding found with E. coli SMr and SMd ribosomes (10) . Euglena cytoplasmic ribosomes also contain a low-affinity binding site with a KdiSS of 1,400 x 10-7 M (Fig. 3, bottom) , indicating that binding at this site is not responsible for the SM8 phenotype. This weak binding probably results from the interaction of the antibiotic with the ribosomal RNA (5, 39) .
Binding of streptomycin and SM oxime to chloroplast ribosomes. SM and DSM are equally effective inhibitors of bacterial protein synthesis (4, 21) . SM binds to ribosomes isolated from SM8 bacteria (34) and also exchanges with bound [3H]DSM (10, 25) . The extent of the exchange reaction suggests that SM and DSM bind with similar affinities to the same site on the bacterial ribosome (10, 25 (Table 1) . These competition experiments indicate that like the bacterial ribosome, the Euglena chloroplast ribosome had a similar affinity for both SM and DSM, binding both antibiotics at the same site. The difference in vivo in the concentration requirements for the inhibition of chloroplast development and replication by the two antibiotics is probably due to a difference in their accumulation by the cell or chloroplast rather than to a difference in their mechanism of action. Both antibiotics require the same amount of time, 6 to 8 h, to reach their maximal intracellular concentrations even when DSM is present at an external concentration that is six times the external concentration of SM (6a). The inhibition of chloroplast development (S. Schwartzbach and J. A. Schiff, manuscript in preparation) and replication (18, 19) produced by SM could be reversed if the cells were treated with hydroxylamine (HA), but HA treatment did not reverse the action of DSM (18, 19) . The reaction product of SM and HA, SM oxime, is biologically inactive (4, 7) in bacterial systems. HA did not inhibit the binding of [3H]DSM to the Euglena chloroplast ribosomes but in fact stimulated it about 20% (Table 1) . When HA and SM were preincubated together at a molar ratio of 11:1, the ratio used for the reversal of SM action in vivo (Schwartzbach and Schiff, in preparation) , the product of the reaction, SM oxime (7), had a greatly reduced affinity for the chloroplast ribosome as measured by its ability to inhibit the binding of [3H]DSM ( (10, 11, 21, 25, 33, 34) . SMr ribosomes contain an altered ribosomal protein (33) , fail to bind SM or DSM (10, 11, 25, 33, 34, 44) , and protein synthesis on these ribosomes is not inhibited by SM (15, 16, 22, 33, 41, 44) .
It has been known for some time that SM specifically inhibits plastid development and replication in Euglena without affecting cell growth or viability (6a, 17-20, 29, 35, 38) . Since Euglena is an obligate aerobe, we must conclude that SM does not inhibit the development, function, or replication of the mitochondrion and that the effects of SM are specific for the plastid. In vitro protein synthesis on mitochondrial ribosomes has been reported to be sensitive to SM (3), and the SM resistance of mitochondrial protein synthesis in vivo is most likely due to a failure of the antibiotic to penetrate the mitochondrial membrane. It has been shown that antibiotic resistance of rat liver mitochondrial protein synthesis in vivo, in certain cases, is due to a failure of the antibiotic to enter the mitochondria (26) .
It is well known that the Euglena plastid contains 68S ribosomes (2 and references cited therein; 40) and that the synthesis of certain plastid-localized proteins such as ribulose diphosphate carboxylase and cytochrome 552 is inhibited by SM (6a, 38). Our results are consistent with the hypothesis that SM is a specific inhibitor of translation on plastid ribosomes as suggested by the effect of SM in vivo on the synthesis of chloroplast-localized proteins. DSM binds tightly to chloroplast ribosomes and the Kdi,. of the [3H]DSM-chloroplast ribosome complex is 2 x 10-7 M, a value close to that reported for the [3HJDSM-ribosome complex from E. coli (0.4 x 10-7 to 1 x 10-7 M) (10, 39) . Mutants of Euglera resistant to the effects of SM on plastid development and replication contain plastid ribosomes that have a greatly reduced affinity for DSM (Kd,4, = 399 x 10-7 M).
The affinity of the antibiotic for the cytoplasmic ribosomes is even lower than it is for SMr plastid ribosomes (Kds8S = 1,400 x 10-7 M). SM competes with DSM for binding to plastid ribosomes, and the concentration dependence of the competition indicates that both SM and DSM are bound equally well. Both SM and DSM, therefore, appear to inhibit chloroplast development and replication by specifically inhibiting translation on chloroplast ribosomes.
Alternatively, it has been suggested that SM binds to the chloroplast DNA in such a manner as to block DNA replication and transcription (17) (18) (19) . It is well known that SM will bind to negatively charged polymers in solution, causing their precipitation (1, 14) . This binding is thought to be assisted by the intramolecular condensation of the aldehyde and amine of SM forming a cyclic imminium salt that produces an additional cationic binding site on the SM molecule (1). Since HA can react with the aldehyde group of SM to form the oxime (4, 7) , it has been argued that the reversal of the SM inhibition of chloroplast replication results from an inability of SM oxime to bind the chloroplast DNA (17) (18) (19) . We have shown that HA actually prevents SM from binding to the chloroplast ribosomes, supporting our conclusion that SM is a specific inhibitor of translation on chloroplast ribosomes. The SM inhibition of plastid replication is most likely due to the inhibition of the synthesis of proteins that are required for DNA synthesis. When the synthesis of these proteins is inhibited, plastid DNA replication ceases and with it the replication of the plastids. As the cell divides, the plastids and plastid DNA are lost, as has been observed (17) (18) (19) (20) . Similarly, SM inhibits plastid development by blocking the essential plastid protein synthesis that must take place during light-induced chloroplast development (38) .
The isolation of a mutant containing chloroplasts that can develop and replicate in the presence of SM (Diamond and Schiff, Plant Sci. Lett., in press), and which contains chloroplast ribosomes having a reduced affinity for SM and DSM provides further evidence that SM is a specific inhibitor of chloroplast translation. SMr is recessive to SM8 in vivo and in vitro (12, 28, 43) , and since the Euglena nucleus is octaploid, the expression of a recessive chromosomal mutation is unlikely. Strain SM,r when initially isolated was extremely unstable, and during growth, wild-type segregants were constantly recovered. Repeated cloning was necessary to yield the stable strain used in the present experiments. These observations make it extremely unlikely that the mutation is contained in an entity that is subject to the regularities of mitosis and suggests that SM Ir represents a nonchromosomal mutation. The mitochondrial genome in Euglena is extremely small (3 x 106 daltons) (L. Shori, Y. Ben-Shaul, and M. Edelman, Israel J. Chem. 8:117p, 1970 ) and cannot code for many proteins. The number of copies of mitochondrial DNA per cell is very large, rendering it unlikely that a stable mitochondrial mutation could be cloned. Preliminary results. indicate that several chloroplast ribosomal proteins are altered in SMr cells, but it is not clear whether this is the result of several mutations or the pleiotropic effects of a single genetic change (G. Freyssinet, personal communication). Although in E. coli a single ribosomal protein determines sensitivity to the antibiotic, the proper spatial organization of the SM binding site requires the interaction of a number of ribosomal proteins (9, 39) . Erythromycin (31) and SM (6) resistance in Chlamydomonas can apparently be determined by the alteration of one of a number of chloroplast ribosomal proteins, some of which appear to be coded in the chloroplast DNA (6, 31, 36) . Given all of these facts, it is most likely that SMr results from a genetic change in the chloroplast DNA.
On the basis of the work presented in this paper and information available from previous work, we suggest that SM inhibits plastid development and replication while having no effect on cell growth and viability, by blocking translation specifically on the plastid ribosome. The interaction of DSM and the chloroplast ribosome represents another example of the similarities between the protein synthetic apparatus of organelles and prokaryotes. This similarity supports the idea that cellular organelles and present-day prokaryotes shared a common ancestor (34) .
